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As a contribution to the celebration of the year 2014, declared by the Uni-
ted Nations to be ‘The International Year of Crystallography’, the FEBS
Journal is dedicating this issue to papers showcasing the intimate union
between macromolecular crystallography and structural biology, both in
historical perspective and in current research. Instead of a formal editorial
piece, by way of introduction, this review discusses the most important,
often iconic, achievements of crystallographers that led to major advances
in our understanding of the structure and function of biological macromol-
ecules. We identified at least 42 scientists who received Nobel Prizes in
Physics, Chemistry or Medicine for their contributions that included the
use of X-rays or neutrons and crystallography, including 24 who made
seminal discoveries in macromolecular sciences. Our spotlight is mostly,
but not only, on the recipients of this most prestigious scientific honor, pre-
sented in approximately chronological order. As a summary of the review,
we attempt to construct a genealogy tree of the principal lineages of pro-
tein crystallography, leading from the founding members to the present
generation.

Early days of crystallography

Humans have been fascinated by crystals for millennia,
although the understanding of their nature and utiliza-
tion of their properties for endeavors other than creat-
ing expensive jewelry had to wait until the 20th
Century. Two dates have to be particularly kept in
mind. Although Wilhelm Conrad Rontgen (1845-

Abbreviations

1923) discovered X-rays in 1895 in Germany (pub-
lished for the English-speaking audience a year later)
[1,2], another 17 years had to pass before Max von
Laue (1879-1960), suspecting that the wavelength of
X-rays might be comparable with the interatomic dis-
tances, shone them, with the help of two assistants, on

FEL, free electron laser; GPCR, G-protein-coupled receptor; LMB, Laboratory of Molecular Biology; MR, molecular replacement; PDB,
Protein Data Bank; PSRC, photosynthetic reaction center; SG, structural genomics; TBSV, tomato bushy stunt virus; TMV, tobacco mosaic

virus.
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a blue crystal of copper sulfate pentahydrate
(CuS0O4-5H,0) [3]. Although Laue was able to provide
a physical explanation of the observed diffraction
images, the work of the father-and-son team of Sir
William Henry Bragg (1862-1942) and Sir William
Lawrence Bragg (1890-1971) in England was crucial
for the introduction of diffraction as a tool for crystal
structure investigation. It was the younger Bragg who
soon developed an elegant mathematical explanation
of the images generated by Laue, in the form of the
famous Bragg’s Law, nAk = 2dsinf, describing the rela-
tionship between the angles of diffraction (0), the
wavelength of the X-rays (A) and the interplanar spac-
ings (d) in the crystal lattice [4]. The early papers of
the Braggs have withstood the test of time and their
interpretation is still used more than a century later
[5-8]. W. H. Bragg went on to construct the first
X-ray spectrometer [6] and, of course, one of the first
crystal structures determined by the Braggs (next to
rock salt) was that of diamond, the perennial favorite
crystal of the wealthier part of the human race [9].
The monumental importance of the discoveries of
Laue and the Braggs was immediately recognized,
leading to the award of the Nobel Prize in Physics to
Laue in 1914, and to both Braggs in 1915. Inciden-
tally, W. L. Bragg was, at the age of 25 years, the
youngest ever recipient of the Nobel Prize, a feat that
is unlikely to be overshadowed any time soon.

The Nobel Prizes awarded to Laue and the Braggs
open a long list of this (Table 1) and other major
honors given to crystallographers during the last
100 years. In this review, we primarily concentrate on
the achievements of the Nobel Prize winners, with less
emphasis on other important accomplishments, espe-
cially the more recent ones. It is clear that many more
results of macromolecular crystallographers deserve
mention, although this could not be accomplished in a
brief review. The subject of the history of crystallogra-
phy has been covered in a recent book by Authier [10],
which we strongly recommend to those interested in
learning more details of this fascinating field.

Crystallization of macromolecules

The subject of crystallization of proteins has been
very recently discussed in a review in this journal [11]
and thus is covered here only very briefly. It is not
really possible to trace the first mention of crystals of
macromolecules such as proteins, although the
description of the serendipitously obtained ‘blood
crystals’ of earthworm hemoglobin can be found in a
book published as early as 1840 [12]. Hemoglobin
from various sources continued to be the favorite pro-
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tein for crystallization, and a volume containing 600
microscopic photographs of hemoglobin crystals from
approximately 200 organisms was published by Reic-
hert and Brown in 1909 [13]. However, it took
another 50 years of titanic effort before the first
three-dimensional structure of the hemoglobin mole-
cule could finally meet the human eye [14]. Crystalli-
zation of the first enzyme (urease) was reported by
James Sumner (1887-1955) in 1926 [15]. This break-
through was the basis for the award of the 1946
Nobel Prize in Chemistry that went to Sumner, as
well as John Northrop (1891-1987) and Wendell Stan-
ley (1904-1971). That prize was awarded essentially
for the crystallization of pure proteins and viruses,
the achievements proving that ‘living molecules’ could
be crystallized or purified and that they did not
require any special ‘élan vital’.

Recording X-ray diffraction images of macromolec-
ular crystals turned out to be quite challenging because
crystals mounted on glass fibers and exposed to air, as
is customary for crystals of small molecules, would
very quickly deteriorate, losing their crystallinity and
diffraction. The first such pictures of protein crystals
taken by J. Desmond Bernal (1901-1971; affection-
ately called ‘Sage’) were indeed of poor quality but,
together with his student Dorothy Crowfoot (later
Hodgkin; 1910-1994), they soon realized that crystals
of biological macromolecules must be highly hydrated
and that sealing them in capillaries with a drop of
their mother liquor would efficiently protect them
from desiccation. The first reported diffraction was
from a crystals of pepsin [16], grown in the laboratory
of Theodor Svedberg in Uppsala by John Philpot,
who delivered them to Bernal in Cambridge. Those
hexagonal crystals had the unit cell lengths reported as
a=67A and ¢ =154 A (with an expected error of
5%), the latter one being too long for accurate mea-
surements with the equipment available at that time.
Thus, the structure of this particular form of pepsin
was not determined until 1990 (incidentally, by Hodg-
kin’s former student, Sir Tom Blundell) [17], long after
the structure of the protein in the simpler monoclinic
crystal form had been published [18]. It turned out
that the real length of the ¢ axis was 290.1 A, approxi-
mately twice as long as originally reported, making the
determination of this structure even more challenging.
Despite all the problems, Bernal noted [19] that: °...
the [X-ray] pictures yielded by protein crystals were of
exceptional perfection. They showed large unit cells
with great wealth of reflections [...] found even at
comparatively high angles corresponding to such low
spacings as 2 A. This indicated that not only were the
molecules of the proteins substantially identical in
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Table 1. Nobel Prizes related to crystallography with prize motivations as provided by the Nobel Committee. The recipients of prizes related
to macromolecular crystallography are shown in bold. Nationalities are listed as shown on the Nobel Foundation web page, indicating the
country where the award-winning work was primarily done.

Recipient Year Discipline  Nationality Awarded

Wilhelm Conrad Rontgen 1901 Physics Germany In recognition of the extraordinary services he has rendered by the
discovery of the remarkable rays subsequently named after him

Max von Laue 1914  Physics Germany  For discovery of the diffraction of X-rays by crystals

William Henry Bragg 1915 Physics UK For their services in the analysis of crystal structure by means of X-rays

William Lawrence Bragg 1915  Physics UK

Peter Debye 1936 Chemistry Germany  For his contributions to our knowledge of molecular structure through his
investigations on dipole moments and on the diffraction of X-rays and
electrons in gases

Clinton Joseph Davisson 1937 Physics USA For their experimental discovery of the diffraction of electrons by crystals

George Paget Thomson 1937 Physics UK

James Batcheller Sumner 1946 Chemistry USA For his discovery that enzymes can be crystallized

John Howard Northrop 1946 Chemistry USA For their preparation of enzymes and virus proteins in a pure form

Wendell Meredith Stanley 1946 Chemistry USA

Linus Pauling 1954  Chemistry USA For his research into the nature of the chemical bond and its application to
the determination of the structure of complex substances

John Kendrew 1962 Chemistry USA For their studies of the structures of globular proteins

Max Perutz 1962 Chemistry UK

Francis Crick 1962 Medicine UK For their discoveries concerning the molecular structure of nucleic acids

James Watson 1962 Medicine UK and its significance for information transfer in living material

Maurice Wilkins 1962 Medicine UK

Dorothy Hodgkin 1964 Chemistry UK For her determinations by X-ray techniques of the structures of important
biochemical substances

William Lipscomb 1976 Chemistry USA For his studies on the structure of boranes illuminating problems of
chemical bonding

Aaron Klug 1982 Chemistry UK For his development of crystallographic electron microscopy and his
structural determination of biologically important nucleic acid—protein
complexes

Herbert Hauptman 1985 Chemistry USA For their outstanding achievements in the development of direct methods

Jerome Karle 1985 Chemistry USA for the determination of crystal structures

Johann Deisenhofer 1988 Chemistry Germany  For the determination of the three-dimensional structure of a

Robert Huber 1988 Chemistry Germany photosynthetic reaction center

Hartmut Michel 1988 Chemistry Germany

Pierre-Gilles de Gennes 1991 Physics France For discovering that methods developed for studying order phenomena in
simple systems can be generalized to more complex forms of matter, in
particular to liquid crystals and polymers

Georges Charpak 1992 Physics France For his invention and development of particle detectors, in particular the
multiwire proportional chamber

Bertam Brockhouse 1994  Physics Canada For the development of neutron spectroscopy

Clifford Shull 1994 Physics USA For the development of the neutron diffraction technique

John Walker 1997 Chemistry UK For the determination of the enzymatic mechanism underlying the
synthesis of ATP

Roderick MacKinnon 2003 Chemistry USA For structural and mechanistic studies of ion channels

Roger Kornberg 2006 Chemistry USA For his studies of the molecular basis of eukaryotic transcription

Venkatraman Ramakrishnan 2009 Chemistry UK For studies of the structure and function of the ribosome

Thomas Steitz 2009 Chemistry USA

Ada Yonath 2009 Chemistry Israel

Andre Geim 2010 Physics UK For groundbreaking experiments regarding the two-dimensional material

Konstantin Novoselov 2010 Physics UK graphene

Dan Shechtman 2011  Chemistry Israel For the discovery of quasicrystals

Robert Lefkowitz 2012 Chemistry USA For studies of G-protein coupled receptors

Brian Kobilka 2012 Chemistry USA

Martin Karplus 2013 Chemistry USA For the development of multiscale models for complex chemical systems

Michael Levitt 2013 Chemistry USA

Arieh Warshel 2013 Chemistry USA
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shape and size, but also that they had identical and
regular internal structures right down to atomic
dimensions’. And his quick mind (The Sage!) immedi-
ately worked farther: ... the behaviour of the hydro-
phobe groups of the protein must be such as to hold it
together [...] the protein molecule in solution must
have its hydrophobe groups out of contact with water,
that is, in contact with each other [...] In this way a
force of association is provided which is not so much
that of attraction between hydrophobe groups, which
is always weak, but that of repulsion of the groups out
of the water medium’. His intuitive understanding of
the hydrophobic effect can be contrasted with the
unfortunate term ‘hydrophobic force’ that is used even
today.

The work on urease has an even longer and quite
interesting history. When Sumner undertook its crys-
tallization in 1919, he intended to demonstrate by this
method that enzymes were proteins. For six years, his
efforts failed, yielding crystals of concanavalin B,
which is an evolutionarily deactivated enzyme (chitin-
ase), a fact that was not known to Sumner. He finally
succeeded in crystallizing jack bean urease in 1925
and published the results a year later [15]. The com-
plications with structure determination of jack bean
urease were even worse. That particular goal was
achieved 85 years later, and the structure of this large
(840 residues) metalloenzyme was only published in
2010 [20].

Dorothy Hodgkin, who put bio and
crystallography together

Although Dorothy Crowfoot Hodgkin was not the
first one to determine the crystal structure of a protein,
her contribution to the field of macromolecular
crystallography was truly monumental. She initially
studied chemistry and then became a coworker of Ber-
nal in Cambridge. Very quickly, she acquired excellent
mastery of crystallography, buttressed by a first class
knowledge of chemistry. She worked with Bernal on
recording the first protein diffraction images of pepsin
crystals [16] and, independently, already in Oxford, on
obtaining diffraction photographs of insulin [21]. Insu-
lin became her life-long interest, crowned eventually,
after almost 35 years of effort, by solving the structure
of this important protein hormone [22]. Although the
molecule of insulin is not particularly large, solving
the structure was complicated by the presence of two
molecules in the asymmetric unit in space group R3.
This space group lacks centric reflections, which were
critical for solving the first crystal structures of
hemoglobin and myoglobin (see below). Hodgkin con-
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tinued structural studies of insulin until the end of her
active scientific career, publishing what is most likely
the longest paper in the history of protein crystallogra-
phy, taking up a whole issue of Philosophical Transac-
tions of the Royal Society of London, Series B [23]. The
co-authors of this monumental work, listed in alpha-
betical order and all trained by Hodgkin, include such
well-known structural biologists as Ted Baker, Tom
Blundell, Eleanor and Guy Dodson, and Mamanna-
mana Vijayan, amongst others. Guy Dodson (1937-
2012), in particular, continued the studies of insulin
for many more years, participating in the work that
culminated in a key paper describing the structure of
its complex with the insulin receptor [24].

Even before her success with insulin, Dorothy
Hodgkin was practically a biomacromolecular crystal-
lographer because the structures successfully solved by
her were not only difficult and large for that period
(1930-1960), but also were extremely important from
the chemical and biological points of view. Chemists
at that time were not sure at all about the correct
structure of sterols and several possible formulas were
around with four aliphatic rings connected in various
ways. The crystal structure of an iodo derivative of
cholesterol unambiguously established the correct
structure of sterols [25]. The crystal structure of peni-
cillin, determined in the early 1940s, had a similarly
enormous impact, surprising some chemists with the
unexpected four-membered B-lactam ring. This
achievement opened the route for making semisyn-
thetic versions of this antibiotic, although it was not
published until 1949 because of its military use at the
end of World War II [26]. The crown jewel of Dorothy
Hodgkin’s work, for which she was awarded the 1964
Nobel Prize in Chemistry, was the structure of vitamin
Bi,, the largest crystal structure solved at that time. It
again revealed several unexpected features, such as the
corrin ring structure and the covalent bond between
cobalt and carbon atoms, making vitamin B, the first
identified organometallic compound. This work
involved a pioneering application of the early elec-
tronic computers in a long-distance collaboration with
Ken Trueblood (1920-1998) in California [27].

Max Perutz, John Kendrew and the
structures of hemoglobin and
myoglobin

When young Max Perutz (1914-2002) moved in 1936
from Austria to England, he was encouraged by Ber-
nal to study the structure of proteins by X-ray crystal-
lography. Perutz later wrote: ‘The story opens in 1936
when I left my hometown, Vienna, for Cambridge,
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Eng., to seek the Great Sage. [...] I asked the Great
Sage: “How can I solve the secret of life?” He replied:
“The secret of life lies in the structure of proteins, and
there is only one way of solving it and that is by
X-ray crystallography”’ [28]. A year later, Perutz
chose determination of the crystal structure of horse
hemoglobin as his PhD project and completion of this
task took him 22 years. Near the finish line, he was
outrun by his colleague, Sir John Kendrew (1917-
1997), who first determined the structure of the related
but four times smaller, myoglobin [29,30]. These
extraordinary achievements brought a great joy to
their boss, W. L. Bragg, whose steadfast support and
encouragement were crucial for the final success.

However, it was Perutz who pioneered the method-
ology of protein crystallography, especially the method
of isomorphous replacement (see below) for the solu-
tion of the phase problem [31]. The structure of hemo-
globin followed myoglobin very closely, although it
was initially published at low resolution [14]. The crys-
tal structures of many variants and chemical states
allowed Perutz, amongst other things, to understand
the allosteric effect of hemoglobin, as a result of
which, after the first molecule of oxygen has bound,
the additional molecules bind with increased affinity.
The structure of hemoglobin immediately explained
the molecular basis of sickle cell anemia, a disease
resulting from a single residue mutation leading to the
formation of fibrous polymers.

In his later recollections, Kendrew said ‘When my
6 A model of myoglobin came out one of the first peo-
ple to see it was Desmond Bernal, one of the gurus of
molecular biology and a man so wise that everyone
called him Sage; when he saw it he said “I always
knew proteins would look like that”. What did he
mean and how did he know?’ [32]. On the other hand,
the first view of the three-dimensional structure of pro-
teins was a bit of a shock to the discoverers. Perutz
recalls [33] his first impression of the clay model of
myoglobin: ‘Could the search for ultimate truth really
have revealed so hideous and visceral-looking an
object? Was the nugget of gold a lump of lead? Fortu-
nately, like many other things in nature, myoglobin
gains in beauty the closer you look at it’. That to
appreciate the beauty, and logic, of macromolecules
requires intense looking at (i.e. thinking of) them,
could not be more true also today.

Perutz was fascinated and worked with hemoglobin
for the rest of his life. Kendrew continued a distin-
guished career as an animator and organizer of sci-
ence in Britain and Europe, and was the founding
father of the European Molecular Biology Organiza-
tion (EMBO) and Laboratory (EMBL). He was also

A brief history of macromolecular crystallography

the founding editor of the Journal of Molecular Biol-
ogy at a time when the terms ‘molecular biology’ and
‘structural biology’ were almost synonymous. For
their work on the crystal structures of proteins, Pe-
rutz and Kendrew shared the Nobel Prize in Chemis-
try in 1962.

The role of Linus Pauling and the
beginnings on the American continent

Linus Pauling (1901-1994), one of the most influential
chemists of all time, prided himself on being a crystal-
lographer [34]. He started his scientific career by deter-
mining the structure of molybdenite MoS, for his PhD
at CalTech in 1923 [35]. Although he never solved a
macromolecular crystal structure, he is quite appropri-
ately credited with the discovery of the fundamental
structural motifs of proteins [36], several years before
they were found in actual protein crystal structures.
He deduced the structure of the a-helix from the
geometry of the chemical bonds (his favorite subject,
which won him the 1954 Nobel Prize in Chemistry),
including the planarity of the peptide group [37], from
his intuitive faith in the role of hydrogen bonds, and
from the logical assumption that regular structure
should arise from repetition of stable motifs. Pauling
published the structure of the a-helix together with
Robert Corey in 1951 [38], even though the model was
in slight disagreement with diffraction data on a-kera-
tin (which is a fibrous, rather than globular protein).
Those X-ray diffraction data, taken by William
Astbury (1898-1961) in Leeds, showed a prominent
meridional reflection at 5.1 A [39], whereas Pauling’s
model predicted (quite correctly) that the pitch of
undeformed o-helix (so named after o-keratin) would
be 5.4 A [40]. Astbury’s skillful X-ray diffraction
experiments showed that, on stretching (e.g. under
steam), o-keratin (e.g. from wool) would change its
conformation (and the diffraction pattern accordingly)
to a new form, which he called B-keratin. In the same
year (i.e. 1951), Pauling and Corey also proposed the
B-sheet structure, composed of extended protein chains
[41]. Pauling was less lucky with DNA; with the back-
bone inside and the bases out, his model was a salient
failure [42]. Although sometimes controversial, Pauling
imprinted a great mark not only on science, but also
on other subjects. He should be always remembered as
an untiring advocate of peace and the recipient of the
1962 Nobel Peace Prize.

Several students of Pauling have become famous sci-
entists in their own right. Although William Lipscomb
(1919-2011), always referred to as ‘Colonel’ (of the
Kentucky branch) received his 1976 Nobel Prize in
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Chemistry for his work on boranes, he was also very
active in macromolecular crystallography. The first
protein structure solved in his laboratory was that of
carboxypeptidase A, initially reported at a rather low
resolution of 6 A [43], soon thereafter extended to
20 A [44]. The structure of aspartate carbamoyltrans-
ferase, a very large enzyme consisting of 12 molecules,
was a tour-de-force for its times [45]. One of Lips-
comb’s students working on these structures was Tom
Steitz, who later won his own Nobel Prize (see below).

Martin Karplus, another student of Pauling and a
winner of the 2013 Nobel Prize in Chemistry, is not an
experimental crystallographer, yet his introduction of
the computational methods combining molecular
mechanics with quantum chemistry provided a major
tool for the interpretation of macromolecular struc-
tures. Interestingly, one of his early publications pro-
vided a structure—function analysis of hemoglobin [46].
His postdoctoral associate, Ariech Warshel, was co-reci-
pient of the Nobel Prize together with his former men-
tor.

David Harker (1906-1991) was a student of Pauling
who not only became one of the premier developers of
crystallographic methodology, but also established (as
early as in 1950) one of the first groups working in the
USA on protein crystallography. His efforts to deter-
mine the structure of Rnase A took a decade and a
half to succeed [47].

Development of methods for
macromolecular crystallography

Solving the first protein crystal structures was possible
only in close connection with development of macro-
molecular crystallographic methodology. Of course,
nothing would be achieved without diffracting crys-
tals; thus, highlighting the importance of ways of
obtaining them, explored by Sumner and Northrop,
and of keeping them wet, introduced by Bernal and
Hodgkin (see above). The methods of collecting dif-
fraction data were at first the same as for small struc-
tures and used photographic films, which required
many crystals and enormous amounts of patience.
The introduction of the screenless rotation method
and oscillation camera [48], developed by Uli Arndt
(1924-2006) and Alan Wonacott especially for macro-
molecular crystallography, was a welcome improve-
ment, although data collection still required extensive
effort and time spent with photographic films in dark-
rooms, which was then followed by measuring the
reflection intensities with optical scanners. The real
breakthrough was the introduction of computer-con-
trolled automatic devices, first based on a wire cham-
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ber detector [Georges Charpak (1924-2010), the
developer of one such device used in protein crystal-
lography, received the 1992 Nobel Prize in Physics], to
be followed by image plates, charge-coupled devices,
and, today, by active pixel detectors.

The progress with detectors was even surpassed by
the enormous advances in the technology of X-ray
generation. The early sealed tubes were superseded by
rotating anode generators, although the true leap was
the introduction of synchrotron radiation [49]. From a
modest start in the 1970s [50-52], when crystallogra-
phers were treated as nuisance parasites by the physi-
cists (the owners of the machines), to storage rings
and to X-ray free electron lasers (FELs) [53] dedicated
to the production of radiation, the intensity and qual-
ity of the X-ray beams provided by synchrotron facili-
ties has increased by many orders of magnitude.
Collecting a full data set used to take months on rotat-
ing anode generators and hours at early synchrotron
beam lines but, currently, it may take only a few sec-
onds at third-generation synchrotrons.

The powerful X-ray beams generated by modern
sources are capable of severely damaging the crystals
during data collection. This process can be slowed
down if the crystals are kept at very low temperature,
usually by cooling them in a stream of cold nitrogen
(~ 100 K). Such croyogenic methods were popularized
in late-1980s, mainly by Hakon Hope [54], and are
now routinely used in almost all experiments. On the
other hand, nothing can prevent immediate destruction
of crystals exposed to the FEL sources, although these
microcrystals still provide useful diffraction data dur-
ing the last femtoseconds of their existence [55].

The technology of diffraction data acquisition has
evolved a lot, but the methods of structure solution
and refinement have also improved dramatically. At
first, it was not clear at all how to attack this problem
because even very small crystal structures were solved
by a trial-and-error approach, which is unthinkable,
for example, for hemoglobin with approximately 5000
nonhydrogen atoms in the tetrameric molecule. The
possibility opened up with the introduction of vector
space interpretation by Arthur Lindo Patterson (1902—
1966) [56] and the heavy-atom isomorphous replace-
ment method, first applied to alums [57] and phthalo-
cyanins [58]. Although the use of isomorphous
replacement for proteins had been postulated by
J. Monteath Robertson and Bernal as early as 1939
[59], the lack of proper understanding of the effect
slowed down the progress of protein crystallography
for a number of years. Indeed, Perutz wondered later
‘Why then did I wait until 1953 before trying isomor-
phous replacement on haemoglobin? Robertson’s and
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Bernal’s suggestions were just hunches which T did not
take seriously, because it seemed unlikely to me that
the scattering contribution from one mercury atom
could alter measurably the combined contributions
from 2500 atoms of carbon, nitrogen and oxygen in
the asymmetric unit of haemoglobin’ [59]. Fortunately,
Perutz, being an experimentalist, ultimately tested the
method even if he did not fully believe in it, and real-
ized that a few tens of additional electrons in heavy
atoms such as mercury, platinum or gold can have a
measurable effect on reflection intensities and therefore
may lead to macromolecular structure determination.
Thus, he was ultimately able to find phases for many
centric reflections of hemoglobin crystals [31] and later
for acentric reflections as well. This major conceptual
breakthrough allowed Kendrew to solve the structure
of myoglobin [29] and Perutz to complete his investi-
gation of hemoglobin [14] (see above).

The heavy-atom methods evolved significantly since
the times of Perutz. The advancement of data collec-
tion technology allows very accurate measurement of
reflection intensities and, nowadays, not only the iso-
morphous signal, but also the much weaker
anomalous signal of not necessarily very heavy atoms
(such as selenium or even sulfur) is used for phasing
novel macromolecular crystal structures. The heavy-
atom method evolved into several variants, referred to
by various acronyms, such as multiple- or single-iso-
morphous replacement (MIR or SIR) [60] with addi-
tional use of anomalous scattering (MIRAS or
SIRAS) and, if only the anomalous signal is utilized,
Multi- or Single-wavelength anomalous diffraction
(MAD or SAD). Although the usefulness of the
anomalous signal for phasing was noted quite early
[61-63], the practical application of anomalous scatter-
ing as the sole source of phase information in macro-
molecular crystallography was largely a result of the
efforts of Wayne Hendrickson. The first successful
application of the single-wavelength anomalous dif-
fraction approach to proteins (based on the minute
anomalous signal of sulfur) led him to the solution of
the structure of crambin [64]. Two other groups of
investigators, Roger Fourme (1942-2012) and col-
leagues [65], as well as Mitchell Guss and his collabo-
rators [66], solved protein crystal structures using the
multi-wavelength anomalous diffraction approach.
This technique was further refined and popularized by
Hendrickson and colleagues [67]. Of particular impor-
tance was showing the effectiveness of replacing methi-
onine by selenomethionine, introduced to proteins by
genetic engineering [68]. Recently, Hendrickson and
colleagues introduced a single-wavelength multi-crystal
approach [69].
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At first, the heavy atoms had to be located by inter-
pretation of Patterson maps. However, in the 1940s
and 1950s, there was a growing awareness that the
phase problem could also be attacked in a direct way.
As a logical argument, one could consider that com-
pletely random sets of phases would most likely pro-
duce an absurd ‘electron-density’ map. Conversely, a
sensible electron-density map should be everywhere
non-negative and, in fact, should be concentrated
around atomic cores. Realization of these basic truths
led David Sayre (1924-2012) to the derivation of a
relation between reflection phases [70]. Developed as a
mathematical theory, the so-called Direct Methods [71]
earned Jerome Karle (1918-2013) and Herbert Haupt-
man (1917-2011) the Nobel Prize in Chemistry in
1985. Part of it is the tangent formula [72], which
allows estimation of unknown phases from those that
are already known. The theory of Direct Methods is
based on structure factor probability distributions,
which are inversely related to the number of atoms.
This is why Direct Methods are very effective for
small-molecule structures but fail with large macro-
molecules. However, they can be still successfully
applied to smaller (approximately 1000 nonhydrogen
atoms) macromolecular structures, provided that
atomic resolution (1.2 A) data are available [73] or,
indeed, even at lower resolution when looking for only
a subset of a few special (e.g. heavy) atoms, as imple-
mented, for example, in George Sheldrick’s SHELX soft-
ware for structure solution and refinement serving
both small-molecule and macromolecular crystallogra-
phy [74]. Direct Methods can be applied to such prob-
lems in their classic form or, more frequently, using
the so-called dual-space recycling, also known as
Shake-and-Bake [75].

Practically all novel crystal structures (i.e. those not
expected to be similar to any known atomic model)
must be solved by some variant of the ‘special atom’
method. However, currently, the Protein Data Bank
(PDB) contains close to 100 000 models of macromol-
ecules; thus, often, a similar structural analogue is
available and can be used as a search model in the
method of molecular replacement (MR). The ‘Falt-
molekiilmethode’ suggested early on by Walter Hoppe
(1917-1986) did not acquire popularity, perhaps
because it was published too early for its time and
only as an abstract in German language [76]. The
practical use of MR was pioneered by Michael Ross-
mann and David Blow (1931-2004) [77-79]. This
approach has also evolved significantly and, presently,
a majority of protein crystal structures are solved by
powerful MR software. A recent algorithm, imple-
mented in ROSETTA [80], is also capable of optimizing
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the search probe by modeling. Several software suites
are able to automatically screen the PDB contents for
the most plausible models and attempt to use a large
number of them in succession.

At the beginning, the protein models could not be
refined at all because, in the early 1960s, there were no
computers capable of such a task. The first, rather
simple ‘refinement’ method introduced by Robert Dia-
mond optimized the fitting of a protein model to an
electron-density map and was tested on lysozyme
[81,82]. The first automatic least-squares refinement of
a protein was performed on the structure of rubredox-
in by the group of Lyle Jensen (1915-2008) [83,84].
Because of the size of macromolecular structures, the
refinement had to use approximations (e.g. diagonal
matrix) and was interspersed with regularization of the
model geometry. A significant improvement was
achieved by the introduction of constrained and
restrained refinement [85,86]. Contemporary refinement
software supports additional features, such as treat-
ment of rigid-body motion or crystal twinning [87,88].
Currently, most of the phasing and refinement algo-
rithms utilize sophisticated probabilistic approaches
based on maximum likelihood, as advocated and pio-
neered by Gerard Bricogne [89].

An important part in the building, refinement and
validation of macromolecular structures is the possibil-
ity of displaying and comparing the atomic model with
electron-density maps. The maps were initially drawn
by hand on glass sheets and stacked at calculated dis-
tances apart, making it difficult to build three-dimen-
sional models. The early approach to model-building
was to use the so-called Richards box (optical compar-
ator), where maps plotted on plexiglass sheets and
stick-wire models were viewed through a semi-trans-
parent mirror [90]. Later, the maps were plotted on
acetate sheets by computer plotters, framed, stacked
and inspected by eye. A huge breakthrough was the
introduction of interactive computer displays, in par-
ticular the rFropo/o software of Alwyn Jones [91],
which later evolved into highly sophisticated systems
for displaying, validating and correcting the atomic
models of macromolecules [92].

The accumulation of crystal structures of proteins
and nucleic acids led to the development of powerful
computational methods for the interpretation of the
wealth of structural data generated by crystallography.
The pioneers of this approach were Martin Karplus,
Michael Levitt and Arieh Warshel, who combined
Newton’s classical physics with the fundamentally dif-
ferent quantum physics into algorithms that allow, for
example, simulation of the interactions of drugs with
their protein targets. The computer simulations have
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become very realistic and are now capable of predict-
ing the outcome of traditional experiments. Michael
Levitt, in particular, has directly contributed to crys-
tallographic methodology, first by introducing refine-
ment with energy minimization more than 40 years
ago [81] and, more recently, by determining the crystal
structure of the eukaryotic chaperonin CCT after ana-
lyzing more than 2.5 million possible models [93]. Kar-
plus, Levitt and Warshel shared the 2013 Nobel Prize
in Chemistry.

The advancement of crystallographic algorithms and
the ever increasing speed and power of computers have
created the possibility to solve macromolecular crystal
structures automatically by researchers who need the
structural information but do not always have the
required knowledge of crystallography. This is a great
success of our science, although it sometimes may lead
to misinterpretation, overinterpretation or errors [94].

Early structures of enzymes and other
important proteins

After Max Perutz opened the way to solving crystal
structures of macromolecules, several groups started
working on biologically important proteins, including
a number of enzymes. The first structure of an enzyme
was that of hen egg white lysozyme, solved by the
group led by Sir David Phillips (later Baron Phillips of
Ellesmere; 1924-1999), first at 6 A resolution [95], sub-
sequently extended to 2 A [96] and accompanied by
complexes with inhibitors [97]. For the first time, it
was possible to show that enzymes hold their sub-
strates in specific stereochemistry as in a vise and pro-
vide appropriate tools for the chemical reaction to
proceed with a minimum expense of energy. The pres-
ence of two catalytic carboxylates in the active site of
lysozyme is characteristic of many glycohydrolases.

A number of protein structures were solved towards
the end of 1960s in several laboratories in England,
USA, Germany, the Netherlands and Sweden. David
Blow and colleagues worked at the MRC Laboratory
of Molecular Biology in Cambridge on the structure of
chymotrypsin, a serine protease [98]. This was the first
enzyme in which the canonical catalytic triad consist-
ing of a serine, a histidine and an aspartate was
revealed structurally, and the structure illustrated how
the protease hydrolyzes peptide bonds in target pro-
teins [99]. The structure of carboxypeptidase A,
already mentioned above, was determined by Lips-
comb’s group at approximately the same time [43,44].

The crystallographic work on bovine pancreatic
ribonuclease (Rnase A), an enzyme hydrolyzing the 5'-
phosphoester bond in RNA, was conducted indepen-
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dently in three laboratories, with the first results
published by all of them in 1967. The Buffalo group
of David Harker presented their model at 2 A resolu-
tion [47], the Birkbeck group of Harry Carlisle at
5.5 A resolution [100]. The Yale group of Harold
Wyckoff (1926-2003) and Frederick Richards (1925-
2009) solved the structure of RNase S (a variant of
RNase A with one peptide bond cleaved) at 3.5 A res-
olution [101]. These structures, together with other
biochemical data, allowed the formulation of the two-
step enzymatic mechanism of RNases involving the
formation of 2',3'-cyclic phosphate, consecutively
hydrolyzed to a terminal 3’-phosphate.

The crystal structure of human erythrocyte carbonic
anhydrase C was the subject of investigations by the
group of Bror Strandberg in Uppsala [102]. This zinc-
containing enzyme catalyzes the conversion of carbon
dioxide into carbonate with an extremely fast turnover
of 600 000 molecules of CO, per one molecule of
enzyme per second.

The crystal structures of two Bacillus proteases were
pursued independently by the group of Joseph Kraut
in San Diego for subtilisin BPN’ [103] and in the labo-
ratory of Jan Drenth in Groningen for subtilisin Novo
[104]. These investigations confirmed that these two
enzymes were identical. Papain, a potent cysteine pro-
tease from the juice of papaya fruit, was the subject of
another crystallographic investigation at Groningen
[105]. Its active site contains the Cys-His-Asn triad,
similar to the Ser-His-Asp triad of chymotrypsin, con-
firming an analogous enzymatic mechanism. The struc-
ture of bovine pancreatic trypsin inhibitor was
investigated in Munich in the laboratory of Robert
Huber, initially at a resolution of 2.5 A [106]. The
structure of this small protein, the first to be subse-
quently deposited in the PDB at the truly atomic reso-
lution of 1A [107], became important in the
development of macromolecular NMR and computa-
tional methodologies.

Various dehydrogenases were studied in several lab-
oratories. At Purdue, Michael Rossmann and col-
leagues solved the structure of lactate dehydrogenase
[108]. The structures of malate dehydrogenase [109]
and horse liver alcohol dehydrogenase [110], solved a
short time later, confirmed that all these enzymes
include nucleotide-binding domains with a characteris-
tic arrangement of o-helices around an open [-sheet,
known as the ‘Rossmann fold’.

Glycogen phosphorylase was, in the 1970s, the larg-
est protein for which detailed structural data became
available. The group of Dame Louise Johnson (1940-
2012) in Oxford studied the » form of this enzyme
[111,112], whereas Robert Fletterick in San Francisco
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studied the a form [113,114]. Combination of the
efforts made in both laboratories resulted in a full
explanation of the enzymatic activity of this important
protein.

At the creation of the PDB in 1971 [115], there were
merely seven known protein crystal structures. In the
initial announcement of the operational status of the
PDB in 1973 [116], nine sets of atomic coordinates for
crystal structures were listed: lamprey methemoglobin,
cytochrome bs, bovine pancreatic trypsin inhibitor,
subtilisin  BPN’, chymotrypsin, carboxypeptidase A,
lactate dehydrogenase, myoglobin and rubredoxin.
Subsequently, the PDB has grown enormously [117]
and it currently contains almost 100 000 macromole-
cular structures. However, considering that only a few
of the early structures can be mentioned here, we shall
focus on the pioneers who paved the way to this suc-
cess of macromolecular crystallography.

The structure of DNA

Within approximately one decade, nucleic acids
emerged from obscurity and almost complete igno-
rance into a prominent structural target. In the early
1950s, several crystallography groups, including at
least two in England, were struggling for the Holy
Grail. In a Cavendish Laboratory Unit (Cambridge),
headed by W. L. Bragg, Francis Crick (1916-2004)
and James Watson were working together to build a
plausible model of DNA, without much experimental
data. In King’s College, London, in a laboratory
headed by John T. Randall, Maurice Wilkins (1916—
2004) and Rosalind Franklin (1920-1958) were work-
ing separately on X-ray diffraction photographs of
DNA fibers [118]. The real ‘queen’ of DNA fiber dif-
fraction was Franklin. She could, for example, using
very primitive equipment to control the humidity,
force the DNA molecules to change conformation
from B to A, with a concomitant shrinking of the fiber
by approximately 24%. After her untimely death, Ber-
nal wrote in an obituary that ‘her photographs are
among the most beautiful X-ray photographs of any
substance ever taken’. In particular, the iconic ‘Photo-
graph 51" of sodium salt of B-DNA contained, as we
know now, the telltale signature of the DNA structure:
(a) a diffraction pattern in the form of a cross, reveal-
ing a helical molecule with a diameter (20 A) related
to the angle between the arms; (b) layers of reflections
with a separation indicating that the helical pitch is
34 A; (c) a very prominent meridional reflection at
layer 10, indicating 10 repeated, largely planar units
(modeled as base-paired nucleotides) per turn, with a
step of 3.4 10\; and (d) a totally missing layer 4, as a
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result of two (anti)parallel helical structures with an
axial shift creating two gaps (grooves) with 3 : 5 width
ratio. Difficult personalities and mishandling of the sit-
uation by the management were the sources of flaming
conflicts between Franklin and Wilkins. Wilkins col-
laborated with Crick and Watson, whereas Franklin
worked alone. By contrast to the Cambridge group,
she was trying to solve (i.e. calculate) the DNA struc-
ture, using inter alia Patterson techniques, and was
methodically advancing on her goal [119]. Without her
consent, Franklin’s X-ray photographs became known
to the competition. For Crick, who was an exquisite
crystallographer and had only one year earlier pub-
lished a paper on Fourier transform analysis of helical
objects [120], the features of the diffraction pattern
immediately set the correct train of thought. When,
after a hint from Jerry Donohue (1920-1985), the
Cavendish team also corrected their misconception
about the chemical structure of the nucleobases (i.e.
used the correct keto rather than the incorrect enol
tautomers), all of the pieces fell into place and the
structure of the DNA double helix was discovered. It
was announced in a paper in Nature in 1953 [121],
accompanied by papers by Wilkins et al. [122] and
Franklin & Gosling [119]. Franklin was not among the
Nobel Laureates in Medicine in 1962 (Crick, Watson
and Wilkins), having died 4 years earlier of cancer, at
the age of only 37 years.

It would be difficult to find a more pointed example
illustrating how a molecular structure explains func-
tion. Admiring the elegant double-helical DNA with a
constant sugar-phosphate backbone and a variable
sequence of uniquely paired A-T and G-C bases, even
a layman almost intuitively feels how such a molecule
can pass its sequence to daughter molecules. The Wat-
son—Crick base pairing between the DNA strands also
explained the mystery of Chargaff’s observation [123]
that, in any DNA, the amounts of A and T are always
the same, as are the amounts of G and C, without any
other correlations. The discovery of the structure of
the double helix of DNA is among the grandest
achievements of mankind, comparable to the discovery
of evolution by Darwin or of relativity by Einstein.

The time interval between the proposal of the struc-
ture of DNA and its verification at atomic detail was
quite long, leading Richard Dickerson to comment
that ‘DNA is probably the most discussed and least
observed of all biological macromolecules’ [124]. How-
ever, in the late 1970s [125], the structures of the right-
handed double helices of B- and A-DNA were
confirmed with much more precise data derived from
single-crystal diffraction. The champion of those stud-
ies was Dickerson, who first published the crystal
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structure of B-DNA [124] and A-DNA [126], the latter
one close in time with a report by Olga Kennard [127].
The base-pairing geometry is the same in all forms of
DNA double helices and, in fact, all the possible Wat-
son—Crick base pairs (A-T, T-A, G-C, C-G) have
exactly the same connection with the sugar-phosphate
backbone: 10.8 A distance between the C1’ points of
attachment and the same angle (51.5°) of any glyco-
sidic N-C1’ bond with the C1’—C1’ line. This allows
any nucleotide sequence whatsoever to be inserted in
the standard framework of the sugar-phosphate back-
bone. The difference in the geometry of B- and
A-DNA lies in sugar pucker (2’-endo and 3’-endo,
respectively), the width of the double helix and its
grooves, and the tilt of bases, whereas the base pairs
are alike.

Also in the late 1970s, the structure of an entirely
different, left-handed DNA was discovered in the
laboratories of Alexander Rich [128] and Richard
Dickerson [129], dubbed Z-DNA for the uneven zigzag
trace of the alternating purine-pyrimidine polynucleo-
tide chain. In variance with the right-handed forms,
Z-DNA exists at high ionic strength [130] and is usu-
ally observed for alternating purine-pyrimidine tracts,
typically dCdG. The self-complementary d(CGCGCG),
hexanucleotide Z-DNA duplex is famous for yielding
excellent crystals that diffract X-rays to ultimate reso-
lution (0.55 1&), allowing extremely accurate structural
studies [131].

The structures of RNA

In variance with the very elegant double-helical form
of DNA, biological RNA exists in apparently less reg-
ular forms and assumes double-helical conformation
more as an exception rather than as a rule. When it
does, it can only be A-RNA (with 3-endo sugar
pucker) because of the steric hindrance introduced by
the ribose 2’-OH hydroxyl group. The first crystal
structures of very short diribonucleotide stumps in
A-RNA conformation were reported by Alexander
Rich and colleagues [132,133], although the visualiza-
tion of a complete A-RNA turn required a longer
sequence [134]. It is therefore very interesting to note
that the first crystallographic studies of a functional
polyribonucleotide, the tRNA, were reported several
years before the crystal structure determination of syn-
thetic oligoribonucleotides. The tRNA molecule com-
prises 70-odd nucleotides, many with unusual chemical
modifications. The highly structured tRNA molecule
indeed contains two stems in double-helical A form.
The crystal structure of tRNA was discovered indepen-
dently and published within a short interval of time by
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several groups, led by Muttaiya Sundaralingam (1931-
2004) [135,136], Alexander Rich [137-139], Sir Aaron
Klug [140] and Sung-Hou Kim [141]. The crystal struc-
tures revealed a very graceful L-shaped molecule, with
the two key sites, the anticodon loop (where a given
amino acid is genetically encoded) and the 3’ acceptor
arm (where the corresponding amino acid is attached
by an ester bond) located as far from each other as is
only possible. This discovery produced a bewildering
puzzle of how the alphabet of the genetic code is
translated into a structural genetic code, where (anti)
codon sequences are physically (or rather chemically)
coupled with the corresponding amino acids. This rid-
dle was solved approximately a decade later when the
crystal structures of several classes of aminoacyl-tRNA
synthetases were determined, revealing how these
highly specialized enzymes precisely charge tRNA mol-
ecules with the correct amino acids.

The work on RNA structure gained significant
momentum with the subsequent crystallographic stud-
ies of catalytic RNA molecules, the best known of
which is perhaps the ‘hammerhead’” ribozyme
[142,143]. Later, with the discovery of the ribosome
structure, a massive amount of rRNA structural data
became available (see below).

Viruses

Crystallization of viruses was achieved quite early
and was, in fact, rewarded with a Nobel Prize in
1946, given to Wendell Stanley, who crystallized the
helical tobacco mosaic virus (TMV) in 1935. An ico-
sahedral virus, tomato bushy stunt virus (TBSV) was
first crystallized by Bawden and Pirie in 1937 [144].
The first X-ray diffraction patterns of TBSV and
TMV crystals were recorded in 1941 [145]. Helical
and icosahedral viruses differ in the architecture of
the viral capsid (assembled from many copies of pro-
tein subunits) that encapsulates the viral nucleic acid
(RNA or DNA genome). In the former ones, the su-
bunits are assembled helically into a rod; in the latter
ones, they form a sphere-like capsule. The first crystal
structure of a helical virus (TMV) was determined at
2.8 A by Aaron Klug and colleagues [146], corrobo-
rating the structure determined at 4.0 A using fiber
diffraction by Kenneth Holmes and colleagues [147].
Klug was ‘infected’ with the idea of crystallographic
studies of TMV by Rosalind Franklin, who was his
mentor. X-ray crystallographic studies of icosahedral
viruses were initiated about the same time by Stephen
Harrison who solved the structure of TBSV [148];
Michael Rossmann who solved the structure of south-
ern-bean mosaic virus [149] and human common cold
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virus [150]; Lars Liljas who solved the structure of
satellite tobacco necrosis virus [151]; James Hogle
who solved the structure of polio virus [152]; and
David Stuart who solved the structure of foot-and-
mouth disease virus [153], to list only the early struc-
tures, all determined at highly respectable resolution
(2.5-2.9 A). Today, the PDB stores several hundred
virus structures.

However, long before the crystal structures of icosa-
hedral viruses were solved, a theory of icosahedral tri-
angulation of a sphere was proposed by Donald
Caspar and Aaron Klug [154]. The icosahedron is the
most complex Platonic solid (tetrahedron—cube—octa-
hedron—dodecahedron—icosahedron) with 20 equilat-
eral triangular facets. Caspar and Klug realized that
the principle of icosahedral architecture, in which 60
copies (three on each face) of the same construction
element are repeated with exactly the same environ-
ment (exact equivalence), can be extended to larger
assemblies with icosahedral symmetry if the principle
of equivalence is relaxed to quasi-equivalence, where
individual subunit have similar but not necessarily
identical environment. Unlike the tetrahedron—cube-
octahedron trio, the icosahedron has five-fold (5)
symmetry that is incompatible with classical crystallo-
graphic symmetry (limited to 1, 2, 3, 4 and 6
axes). (However, the aperiodic quasicrystals can
accommodate five-fold symmetry; their discovery by
Dan Shechtman was awarded in 2011 with Nobel Prize
in Chemistry). To cover (tile) the icosahedral surface
with asymmetric objects, one needs in general 60T
copies, where T is the triangulation number. In their
derivation of T, Caspar and Klug utilized the ideas of
the famous architect, Buckminster (Bucky) Fuller, who
was able to design sphere-like buildings, called geode-
sic domes. (Fuller is immortalized in the name of ful-
lerene, given to spherical Cgy molecules of carbon, the
discovery of which was rewarded with Nobel Prize in
Chemistry in 1996.) In view of the enormous impor-
tance and scientific challenge connected with the
atomic structure of viruses, it is quite surprising that
the Nobel Committee did not find these achievements
deserving of a separate Nobel Prize. Indirectly, the
virus work was rewarded in the 1982 Nobel Prize in
Chemistry to Aaron Klug, although the citation
stressed crystallographic electron microscopy and gen-
eral nucleic acid protein complexes.

The work of the Munich group on
integral membrane proteins

At the beginning of the 1980s, the crystal structures of
more than 50 proteins were already available,
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although they all shared one common property: the
proteins were water soluble. However, because
approximately one-third of all proteins in a given
organism are located in the cell membranes, crystalli-
zation and structure determination of such proteins
became the next significant challenge. The first report
of successful growth of three-dimensional crystals
of an integral transmembrane protein, Halobacteri-
um halobium rhodopsin, was published by Hartmut
Michel and Dieter Oesterhelt in 1980 [155], establish-
ing a protocol that has been successfully used for the
crystallization of many membrane proteins. Michel
and Oesterhelt utilized detergents, such as octyl gluco-
side, to solubilize proteins that have a hydrophobic
surface (unlike soluble proteins, which are covered by
hydrophilic moieties on the surface). However, deter-
mination of the complete crystal structure of bacterio-
rhodopsin was a long time coming, and, in the
meantime, another transmembrane protein, namely the
photosynthetic reaction center (PSRC) from Rhodo-
pseudomonas viridis, was crystallized, also by Michel
[156].

The PSRC is a complex molecule containing four
subunits that include a four-heme cytochrome, plus a
collection of cofactors (such as bacteriochlorophyll
and quinone derivatives). PSRC is responsible for the
primary charge separation during photosynthesis. With
a total molecular mass of approximately 125 kDa and
no internal symmetry, the PSRC structure presented a
true challenge. Nevertheless, an electron-density map
at 3 A resolution, with phases obtained through multi-
ple isomorphous replacement using five heavy atom
derivatives, was calculated and interpreted within two
years [157]. A fully interpreted structure was published
one year later [158] and its resolution was ultimately
extended to 2.3 A [159]. Remarkably, the protein
chains were initially fitted even in the absence of com-
plete amino acid sequence information, and the
numerous prosthetic groups were modeled as well. The
importance of this structure was two-fold: it provided
new and important information regarding the mode of
action of the photosynthetic reaction centers but, pos-
sibly even more importantly, it showed that it is possi-
ble to determine the structures of integral membrane
proteins by crystallographic methods. It is thus not
surprising that the 1988 Nobel Prize in Chemistry went
to Johann Deisenhofer, Hartmut Michel and Robert
Huber.

ATP synthesis and energy metabolism

ATP is the most important energy carrier in the
cells; thus, knowledge of the mechanism of its pro-
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duction through harnessing the energy of a trans-
membrane proton gradient is crucial. ATP synthase,
an enzyme that accomplishes that task, is a mem-
brane-associated protein consisting of both trans-
membrane and soluble domains. It was the soluble
multi-subunit F1 ATPase domain (o3B3y6¢) that was
the subject of the initial crystallographic studies.
Crystal structure of the bovine heart mitochondrial
F1-ATPase was determined in 1994 by Jan-Pieter
Abrahams, Andrew Leslie, Sir John Walker and col-
leagues at 2.8 A resolution and, at that time, com-
prised the largest asymmetric structure solved at
medium-to-high resolution [160]. The molecule of F1-
ATPase consists of alternating o and [ subunits
arranged around the central y subunit, although its
overall structure is highly asymmetric as a result of
different interactions of the outer subunits with the y
subunit that influence their nucleotide affinities. This
asymmetry confirmed the earlier proposal of a rota-
tional motion of the F1 domain, which behaves as a
molecular motor analogous to the bacterial flagellum.
The structure of the holoenzyme from Saccharomy-
ces cerevisiae mitochondria, solved after Walker had
received the 1997 Nobel Prize in Chemistry, validated
the initial hypothesis and provided a very detailed
view of this fascinating protein [161].

Roderick MacKinnon and the
membrane channels

Transport of ions, such as potassium, across the cell
membrane is crucial for maintaining homeostasis, as
well as for diverse phenomena, such as electrical sig-
naling in the nervous system. Such transport is accom-
plished by dedicated integral membrane proteins that
are capable of distinguishing, for example, the K* ion
with its ionic radius of 1.33 A from that of Na*
(0.95 A), at the same time maintaining a throughput
rate of up to 10% ions per second. However, the potas-
sium channel is quite permeable for ions such as Rb™"
and these electron-rich ions were used to visualize the
ion-binding sites within the channel molecule. The
channel consists of four symmetrically-arranged subun-
its, each containing two transmembrane helices, with a
gated pore spanning the membrane in the middle of
the complex and a selectivity filter, lined with carbonyl
oxygen atoms, present at the wider end of the opening
[162]. Although the size of the protein molecules is not
large (fewer than 100 amino acids are visible in each
of the engineered subunits of the tetrameric channel),
determination of the structure was not easy. However,
once discovered, this elegant model provided an expla-
nation of the mechanistic aspects of a crucial cellular
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process. Structures of other channels, such as the cal-
cium-gated potassium channel [163], the voltage-depen-
dent potassium channel [164] and aquaporin [165],
followed in quick succession. Roderick MacKinnon
was the recipient of the 2003 Nobel Prize in Chemistry
for structural and mechanistic studies of ion channels.

Roger Kornberg's studies of the
transcription machinery

During his time at the Laboratory of Molecular Biol-
ogy in Cambridge in the 1970s, Roger Kornberg
became involved, under the guidance of Aaron Klug,
in the development of methods for the preparation of
two-dimensional crystals suitable for structural inves-
tigation using electron microscopy. He later used such
approaches to study the structure of DNA-dependent
RNA polymerase, a crucial enzyme responsible for
the transcription of the information encoded by geno-
mic DNA into mRNA. The RNA polymerase is a
complicated, multi-subunit enzyme, much simpler in
prokaryotes than in eukaryotes (although its molecu-
lar mass is still approximately 450 000 Da). The ini-
tial breakthrough in structural terms involved
electron microscopy studies of the Escherichia coli
enzyme that consists of only five subunits, o,Bp o,
with the B and B’ subunits highly homologous to
their eukaryotic counterparts. Two-dimensional crys-
tals were grown on layers of positively charged lipids
and, when stained with uranyl acetate, they yielded
very low resolution (27 A) maps, which were suffi-
cient, however, to indicate visible similarity of the
enzyme’s subunits to DNA polymerase I, and to pin-
point the location of the active site [166]. In further
work, Kornberg and colleagues switched to RNA
polymerase II from yeast, a more tractable enzyme
than its mammalian counterpart. Nevertheless, this is
still a very complicated enzyme consisting of 12 dis-
tinct polypeptides with a molecular mass exceeding
500 000 Da. Its structure determination at 16 A reso-
lution was a true tour-de-force, although finer struc-
tural details could not yet be resolved [167]. It took
another decade until the crystal structure of a 10-sub-
unit variant of the yeast enzyme was determined in
two crystal forms, at the resolution of 2.8-3.1 A
[168]. At such resolution, it was possible not only to
trace the polypeptide chains quite accurately, but also
to locate the divalent metal cations in the active site
of the enzyme. The structure enabled a better under-
standing of the multiple steps of the transcription
mechanism. In appreciation of these achievements,
the 2006 Nobel Prize in Chemistry was awarded to
Roger Kornberg.
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Ribosome: the translation machine

Determination of the structure of the ribosome
resulted from a long and exceedingly difficult project
that ultimately led to the award of the 2009 Nobel
Prize in Chemistry to Ada Yonath, Tom Steitz and
Venkatraman (Venki) Ramakrishnan. The ribosome is
a versatile molecular machine that can translate any
genetic message in all living cells (and even in a cell-
free context) into a protein when provided with the
code in the form of mRNA and the necessary chemical
ingredients. All ribosomes are assembled from a small
and a large subunit. A bacterial ribosome contains
more than 50 proteins but its main component is
RNA (66% of the total mass of over 2 500 000 Da)
comprising one and two chains in the small and large
subunits, respectively.

Based on the observation that ribosomes can sponta-
neously crystallize in the cells, microcrystals of ribo-
somes from hypothermic chick embryos were isolated
as early as 1970 [169]. However, it took another decade
before single crystals of much better behaving ribo-
somes from E. coli were reported [170]. The crystals of
complete ribosomes were not amenable to crystallo-
graphic studies at that time and, therefore, the individ-
ual subunits of E. coli and Bacillus stearothermophilus
ribosomes were crystallized separately [171]. The intro-
duction of cryocrystallography became very important
in enabling data collection [172]. Because the ribosomal
particles from eubacteria are not stable in the presence
of salt, a crucial step towards the determination of the
structure of ribosomes was the crystallization of the su-
bunits of an archeal ribosome from Haloarcula maris-
mortui, an organism that lives at the saturated salt
concentration environment of the Dead Sea [173]. How-
ever, only after appropriate heavy-atom compounds
were used to derivatize the ribosome crystals [including
complex ions such as (P,W1506)° 7], and the methods
of electron-density modification were sufficiently
improved, was it possible to determine medium-to-high
resolution structures of the ribosomal subunits [174—
176].

The most remarkable result of these studies was the
realization that the ribosome is a ribozyme (i.e. an
RNA enzyme), in which the creation of the peptide
bonds (at the rate of approximately 20 per second) is
catalyzed solely by the RNA component, and not by
the ribosomal proteins. Almost concurrently with the
Nobel-winning discoveries by Yonath, Steitz and Ra-
makrishnan, the structure of the intact bacterial ribo-
some, complete with the tRNA molecules and a piece
of mRNA, was determined in the laboratory of Harry
Noller, although at a rather low (5.5 /&) resolution
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[177]. This feat was later repeated at an improved
resolution (up to 3.2 A) for the E. coli ribosome by
Jamie Cate [178] and by Ramakrishnan at the specta-
cular resolution, for the size of this structure, of 2.8 A
[179]. Although the ribosome is a highly conserved
universal machine, responsible for the creation of all
proteins on Earth for billions of years, the present
eukaryotic ribosome is visibly more complex than its
bacterial counterpart. For example, its molecular mass
is approximately 4 000 000 Da. Ultimately, it was
possible to determine relatively high-resolution struc-
tures (up to 3.0 A) of the eukaryotic ribosome from
S. cerevisiae [180].

Membrane receptors

A groundbreaking work aiming that determined the
structural features and function of the cellular mem-
brane-bound G-protein-coupled receptors (GPCRs)
was rewarded in 2012 with the Nobel Prize in Chemis-
try for Robert Lefkowitz and Brian Kobilka. Kobilka
has been working since the mid-1980s on the f,-adren-
ergic receptor, which is sensitive to hormones such as
adrenaline, first with Lefkowitz, and subsequently with
his own team.

The GPCRs are eukaryotic seven-helix transmem-
brane proteins that span the cell membrane, with an
extracellular fragment that senses specific molecules
outside the cell, and an intracellular part that forms a
complex with a trimeric G-protein composed of subun-
its afy. In its inactive (and intact) state, the G-protein
contains a bound GDP molecule and the C terminus
of its subunit o is docked in a cavity created by a
mobile cytoplasmic part of the receptor. When a
ligand is bound to the extracellular sensory part of a
GPCR molecule, it causes a conformational change of
the receptor that is transmitted to the cytosolic part
and effectively converts the receptor to a guanine-
nucleotide exchange factor. The guanine-nucleotide
exchange factor function of the GPCR then activates
the associated G-protein by exchanging its bound
GDP to GTP. The G-protein’s subunit o, together
with the bound GTP, can then dissociate from the B
and v subunits, initiating an intracellular signaling cas-
cade, for which the outcome depends on the type of
the o subunit.

Crystallization of the GPCRs, which are integral
membrane proteins and contain flexible extra- and
intra-cellular parts, was a formidable task, and
Kobilka (together with Ray Stevens) achieved this goal
using ingenious protein tinkering tricks, such as com-
plexation with a nanobody or fusion with a lysozyme
domain [181-183]. An even more daunting challenge
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was the crystal structure determination of a complex,
with both the signaling molecule and then also with
the G-protein partner. Working patiently and methodi-
cally, Kobilka was able to achieve both goals and was
able to capture the GPCR complex at the crucial
moment of relaying the signal to the G-protein partner
[184,185].

The structure of the light-sensing rhodopsin from
the eye’s retina, which is another GPCR protein, was
solved even earlier (in 2000) by Palczewski et al. [186].
As a result of all of these efforts, we now know that
the GPCR proteins are very versatile receptors, analo-
gous to cassettes with different sensing elements and
different G-protein partners for different signaling
pathways. There are almost 1000 different GPCR
receptors in the human body. Some GPCRs are highly
specific, whereas others are multifunctional (i.e. can
recognize several signals). Among the ligands that acti-
vate GPCR pathways are light-sensitive molecules,
odor molecules and pheromones, hormones and neuro-
transmitters. The GPCR proteins are ideal targets for
the rational design of drug molecules. Indeed, almost
half of all modern drugs in use today target the GPCR
receptors.

Macromolecular crystallography and
drug design

Even in the early days after the first crystal structures
of proteins had been solved, it was quite clear that
their availability might play a very important role in
understanding human health and disease at the molec-
ular level. The crystal structure of hemoglobin, for
example, established the molecular basis for the heredi-
tary disease sickle cell anemia and led to efforts to
develop therapeutically useful agents for reversing the
sickling process [187]. Another direction was an
attempt to design compounds that would stabilize de-
oxyhemoglobin, thus promoting oxygen liberation
[188]. A different early target was insulin, which was
engineered for more long lasting retention and thus for
improved treatment of diabetes [189]. However,
although these early efforts relied very much on the
availability of structural information, they were not
dependent on using the structures directly.

The field truly blossomed in the 1980s, when a num-
ber of large pharmaceutical companies became inter-
ested, and new start-up companies were created with
the specific purpose of using structural data (mostly
crystallographic but later also obtained by NMR spec-
troscopy) to design drugs that would specifically affect
selected protein or nucleic acid targets. One of the first
such small companies was Agouron Pharmaceuticals,
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established in 1984, in La Jolla, California. The story
of Agouron Pharmaceuticals, and the associated Agou-
ron Institute, was described in interesting detail by one
of its founders, John Abelson [190]. Their first target
was thymidylate synthase, which was selected in an
effort to find a better drug than the quite toxic 5-fluo-
rouracil, then a first-line cancer drug. Although this
program did result in the discovery of a number of
very potent inhibitors of human thymidylate synthase,
it did not directly lead to the creation of new drugs
but rather served as a platform for learning how best
to use this new methodology. Another company cre-
ated around the same time was Molecular Discovery
Ltd (London, UK), where Peter Goodford was devel-
oping GRID software [191] for fitting ligands to their
targets. The software helped in the development of
zanamivir, an influenza virus neuraminidase inhibitor
originally discovered by Peter Colman, who also estab-
lished a company, Biota Holdings (Melbourne, Austra-
lia), in 1985. Some other software tools developed
within academia, such as pock [192], have also played
an important role in promoting progress in this area.

Some of the earliest efforts in drug design had to
rely on substitute targets because structures of the rele-
vant human proteins were not known at that time.
Thus, for example, the development of antihyperten-
sive drugs, such as captopril, functioning as inhibitors
of the angiotensin-converting enzyme, had to initially
rely on models based on the available coordinates of
carboxypeptidase A [193]. Similarly, work on another
antihypertensive target, human renin, had to rely on
the then known structures of fungal aspartic proteases
and on computer models of human renin derived from
them [194]. The work on renin inhibitors resulted in
the creation of a large number of compounds in many
pharmaceutical companies but, until recently, no
drugs. However, the lessons learned were applied
directly to the later development of inhibitors of HIV
protease and, finally, to the approval in 2007 by the
Food and Drug Administration of the renin inhibitor
aliskiren for essential (primary) hypertension.

A poster child of the rational drug design in the
early 1990s was the aspartic protease encoded by HIV,
with almost every major pharmaceutical company, as
well as some of the start-ups [e.g. Agouron or Vertex
(Boston, MA, USA)] and academic institutions,
designing inhibitors. To a large extent, these efforts
were based on the unrestricted availability of the struc-
ture of this enzyme and its complexes with inhibitors
[195-197] and, even earlier, of a related RSV protease-
based model [198,199]. Work on the inhibitors of HIV
protease resulted in Food and Drug Administration
approval (by 1997) of four very successful drugs
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[saquinavir (Roche Pharmaceuticals, Basel, Switzer-
land); ritonavir (Abbott Laboratories, Abbott Park,
IL, USA); indinavir (Merck, Whitehouse Station, NJ,
USA); and nelfinavir (Agouron)]. The availability of
these drugs, as well as of additional protease inhibitors
developed later, together with drugs targeting other
HIV proteins, allowed the introduction of combination
therapy that changed an irrevocably mortal disease to
a manageable infection.

Later efforts, such as the introduction of fragment-
based drug discovery, primarily championed by
another start-up company, Astex Therapeutics (now
part of Otsuka Pharmaceutical Ltd, Tokyo, Japan),
made even more direct use of the crystal structures of
the macromolecular targets. In this approach, cocktails
of small molecule ligands are soaked into macromolec-
ular crystals and the structures of two or more ligands
binding in adjacent sites are the starting point for cre-
ating much more potent inhibitors. Structure-based
drug design has not yet been in much evidence for
drugs that target GPCR receptors, although this may
change in the future as a result of the recent availabil-
ity of the structures of a variety of GPCRs.

This is, of course, only a very incomplete and selec-
tive summary of the early efforts in structure-based
drug design. Many reviews cover this area in consider-
able detail, starting with the early description of the
process coming from the Blundell’s laboratory [200],
through to later papers by Navia [201] or Colman
[202], to provide just a few examples.

Crystallography in the era of
structural genomics

Although progress in the development of macromolec-
ular crystallography in the first three decades after the
early protein crystal structure determinations was
mainly driven by the accomplishments of individual
scientists, the situation started changing later on.
Already in the 1990s, there was evidence of steep pro-
gress in several methodological aspects of structural
biology, from genome sequencing and annotating,
genetic engineering, recombinant protein production in
diverse variants, to crystallization and diffraction data
acquisition. Rapid progress was also visible in methods
development for structure solution by X-ray crystallog-
raphy and NMR, as well as for theoretical modeling.
Automation was being introduced to many stages of
these processes. Combined with constant increase of
computer power, these advances made it possible to
determine large numbers of protein structures on a
genome-wide scale, and this possibility has led to the
creation of a number of structural genomics (SG)
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initiatives in America, Europe and Asia [203-208].
These activities were modeled in part on the Human
Genome Project, an earlier large-scale biological initia-
tive that had been expected to benefit in an unprece-
dented way our ability to combat various human
diseases [209,210]. The sequencing of the human gen-
ome and of the genomes of many other organisms has
created favorable conditions for the rational selection
of targets for structural genomics.

One of the goals of these initiatives is to identify
novel protein folds, to ensure that the structural data-
bases contain representatives of all possible folds as a
basis for subsequent homology modeling, functional
studies and the identification of targets relevant to the
development of new medicines and therapies. Some of
the SG centers are more focused on specific aims, con-
centrating, for example, on targets from infectious
microbes, the flora of the human intestine or mem-
brane proteins. An important aspect of SG is to
develop efficient high-throughput methodology for the
rapid evaluation of protein structures, and this activity
has led to very significant advances, considerably bene-
fitting the entire community of structural biologists,
and not just the SG centers. Practically all existing SG
centers are supported by public funds and therefore
the results that they generate, as well as the developed
methodologies, are freely available to all.

Currently, out of close to 100 000 macromolecular
structures in the PDB, almost 10% (9355 until the end
of 2013) resulted from X-ray crystallographic and
NMR studies carried out at various SG centers (http://
biosync.sbkb.org/stats.do?stats_sec = SG&stats_focus_
lvl=GLBL). It may be anticipated that future research
based on the protein structures produced by the SG
consortia will, over the longer term, bring the expected
results in the form of new medical treatments. As of
now, the most significant benefits to the community
from the SG activities are seen in innovative method-
ologies for structural biology, in various novel, highly
efficient and effective, automated procedures, and
in the creation of advanced, new-age research
infrastructures.

Outlook: X-ray FELs, diffraction
before destruction, femtosecond
crystallography at nanoscale, single-
particle imaging and more

Over the last 100 years, beginning with the discovery
of X-ray diffraction by Laue, crystallography has
undergone a tremendous advancement, fueling pro-
gress in such disciplines as physics, chemistry, materi-
als science and biology. The leap is particularly visible
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in structural biology, which, starting boldly with
merely two similar protein crystal structures at the
beginning of the 1960s, has now accumulated almost
100 000 structures in the PDB, approximately 90% of
which were determined by crystallography-related
methods. The boom coincided in the 1990s with the
rapid development of methods for recombinant protein
production and of computing technology, although it
was mostly sparked by widespread use of very power-
ful synchrotron X-ray sources. Progress has not stalled
there and continues to be driven by accelerator phys-
ics, now offering astronomically bright radiation from
X-ray FELs. The power of those beams destroys any
sample within a fraction of a picosecond. However,
pioneering work of Janos Hajdu, John Spence, Henry
Chapman and their colleagues demonstrated that, in a
flash no longer than 100 fs, a constructive diffraction
image can be captured before destruction [211]. As
proof of principle, the first protein crystal structures
have been already determined that way [53,55,212].
Because of the enormous flux of the X-ray beam, the
size of the crystals can be accordingly smaller, and a
few tens of a nanometer is sufficient. This femtosec-
ond nanoscale crystallography can be extended
even beyond the constraints of a crystal: simulated
experiments have shown that it will be possible to
study X-ray scattering from single molecules [213] and
X-ray imaging of microscopic biological objects (such
as intact cells) has been already demonstrated in prac-
tice [214,215]. The future of macromolecular crystal-
lography looks therefore very bright, in both figurative
and literal terms. This is an encouraging perspective
for the International Year of Crystallography.

A family tree of macromolecular
crystallography

At the beginning of the 20th Century, crystallography
in Germany was very strongly connected with physics,
whereas it was chemistry-oriented in England. This
explains why Max von Laue did not educate any struc-
tural crystallographers, and why macromolecular crys-
tallography in Germany was later seeded from the
British soil. It also confirms that the discipline of
chemistry is naturally more productive in fertilizing
structure-oriented innovations, such as those propa-
gated by the pioneers of crystallography. The task and
honor of establishing a dynasty fell on Sir William
Henry Bragg, even if he himself, being a physicist, had
very little connection to biology. Many crystallogra-
phers of the previous generation (or even the ones
active today, including the authors of this review) can
trace their roots more or less directly to him. Thus, we
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Fig. 1. A family tree of macromolecular crystallographers. The tree includes only a subset of the most notable pioneers of macromolecular
crystallography, particularly those mentioned in the present review. The ‘British” and ‘American’ trunks are designated only to show the roots,
although they do not in any way describe the nationality of the scientists (who may be citizens of a variety of countries, or even have as many
as four simultaneous citizenships, making it rather difficult to assign them to a particular region of the world). Mentorship (in solid lines) has to
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chart impossibly complicated. Dashed lines indicate individuals working together but not necessarily as a mentor and a mentee.
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present here, with certain caveats, a family tree of
macromolecular crystallographers (Fig. 1). The caveats
are that the tree, with its two principal trunks, is very
much the result of our own bias and the space limita-
tion of a single page. We were unable, therefore, to
include all the crystallographers who certainly deserve
a place in this genealogy. Also, we consider mentoring
in a very broad sense; we mark scientists as descen-
dants if they worked with their mentors in any capac-
ity, not necessarily as students or postdoctoral
students only.

It is very clear that the single most important insti-
tution responsible for the development of macromolec-
ular crystallography has been the Laboratory of
Molecular Biology (LMB) of the Medical Research
Council in Cambridge, UK. That laboratory was
established in 1947, upon the recommendation of
W. L. Bragg, for the specific purpose, as stated on the
LMB history web page, ‘to enable Max Perutz and
John Kendrew to develop their work using X-ray dif-
fraction to study proteins’. LMB has been and still is
remarkably successful in this task and almost half of
the Nobel Prizes related to macromolecular crystallog-
raphy were awarded to scientists who were either
employees or alumni of that institution.

Although W. H. Bragg himself was not directly
involved in macromolecular crystallography, three of
his associates, his son W. L. Bragg, Desmond Bernal
and Lindo Patterson, were responsible for training
many of the most influential scientists who brought
the field to its current prominence. Patterson, in par-
ticular, although again not a macromolecular crystal-
lographer himself, was one of the first to bring
macromolecular  crystallography to the USA.
Although many American crystallographers can trace
their roots to the founders of the LMB, a separate
trunk of the tree has grown on the American conti-
nent. Its founder was Linus Pauling and, by now, it
has four Nobel Prizes to its credit (some other
American recipients of this honor are not fruits of
this particular tree). There is also a connection link-
ing the German branch of the tree to the LMB
roots because Walter Hoppe, the mentor of Robert
Huber, spent approximately 2 years there working
with Max Perutz.

There are, of course, some famous macromolecular
crystallographers who learned the trade on their own
and are not part of either the UK- or USA-based
branches of the tree (or its German offshoot). The
names that come to mind are Brian Kobilka, Robert
Lefkowitz, Roderick MacKinnon and Ada Yonath,
amongst others. However, we can be quite sure that
the monumental achievements of the founders of the
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field must have played a role in the development of
their brilliant careers, even if indirectly.
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